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1
APPARATUS AND METHOD FOR LAYERED
DECODING IN A COMMUNICATION
SYSTEM USING LOW-DENSITY
PARITY-CHECK CODES

PRIORITY

This application claims priority under 35 U.S.C. §119(a)to
a Korean Patent Application filed in the Korean Intellectual
Property Office on May 11, 2010 and assigned Serial No.
10-2010-0044165, the contents of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a communication
system using Low-Density Parity-Check (LDPC) codes, and
more particularly, to a channel decoding apparatus and
method for decoding an LDPC code.

2. Description of the Related Art

LDPC codes are a subset of linear block codes. Although
an LDPC code is generally defined by a party-check matrix, a
bipartite graph, also known as a Tanner graph, can be used to
represent the LDPC code. A bipartite graph is a graph whose
nodes are divided into two sets, such that each node is con-
nected to a node in the other set. The two sets of nodes on a
Tanner graph are called variable nodes and check nodes. The
variable nodes have a one-to-one correspondence to coded
bits.

FIG. 1 illustrates a parity-check matrix H, with four rows
and eight columns representing an LDPC code. Referring to
FIG. 1, the number of columns (8) defines the length of an
LDPC codeword, and the columns represent the eight coded
bits in the parity-check matrix H;.

FIG. 2 is a diagram illustrating a Tanner graph correspond-
ing to the parity-check matrix H, illustrated in FIG. 1.

Referring to FIG. 2, the Tanner graph representing the
LDPC code includes eight variable nodes 202, 204, 206, 208,
210, 212, 214 and 216 (X, X,, X5, X,, X5, X4, X5, Xg) and
four check nodes 218, 220, 222 and 224. An i” column and j**
row in the parity-check matrix H, represents a variable node
X, and a j** check node, respectively. If an entry at the i”
column and j** row in the parity-check matrix H, is one, i.e.,
non-zero, this means that an edge is drawn between the vari-
able node X, and the j* check node on the Tanner graph
illustrated in FIG. 2.

The degree of a variable node or a check node on the Tanner
graph of the LDPC code is the number of edges connected to
the node. The degree of a node is equal to the number of
non-zero entries in a column or row corresponding to the node
in the parity-check matrix of the LDPC code. For example,
the degrees of the variable nodes 202, 204, 206, 208, 210, 212,
214 and 216 (X, X,, X5, X, X5, X, X5, Xg) are 4,3, 3,3, 2,
2,2 and 2, respectively. The degrees of the check nodes 218,
220,222 and 224 are 6, 5, 5 and 5, respectively. Likewise, the
numbers of non-zeroes in the columns of the parity-check
matrix of FIG. 1, corresponding to the variable nodes of F1G.
2,are4,3,3,3,2,2,2 and 2, respectively, and the numbers of
non-zeroes in the rows of the parity-check matrix of FIG. 1,
corresponding to the check nodes of FIG. 2, are 6, 5, 5 and 5.

The features of a parity-check matrix representing an
LDPC code of a particular structure are described with refer-
ence to FIG. 3. The LDPC code of the structure illustrated in
FIG. 3 has been adopted as a digital broadcasting standard in
Europe.
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Referring to FIG. 3, N, denotes the length of an LDPC
codeword, equal to the length of the parity-check matrix. K,
denotes the length of an information word, equal to the length
of an information part in the parity-check matrix. (N,-K,)
denotes the length of parity bits, equal to the length of a parity
part in the parity-check matrix. Integers M, and q are deter-
mined such that g=(N,-K,)/M,. Herein, K,/M, is also an
integer. For the sake of convenience, the parity-check matrix
illustrated in FIG. 3 is referred to as a first parity-check matrix
H,.

In the parity part of the parity-check matrix illustrated in
FIG. 3, from a K,” column to an (N,-1)% column, the posi-
tions of weights preferably form, but are not limited to, a
dual-diagonal structure. Therefore, the degrees of the col-
umns in the parity part are all 2, except for the (N,-1)*
column of degree 1.

The LDPC code of the above-described structure is gener-
ally represented by a parity-check matrix. Accordingly, effi-
cient storage of information of the parity check matrix
reduces a required memory size. [f the LDPC code is stored in
a conventional manner, a relatively large memory capacity is
needed. In this context, many techniques have been studied to
efficiently store the LDPC code.

For example, various Quasi-Cyclic LDPC (QC-LDPC)
codes have been developed based on circulant permutation
matrices in order to improve memory efficiency.

The QC-LDPC code may be represented by a parity-check
matrix divided into small blocks. Each small block may be a
circulant permutation matrix, the sum of two or more circu-
lant permutation matrices, or a zero matrix. The QC-LDPC
code is described in detail below with reference to FIG. 4.

FIG. 4 illustrates a parity-check matrix representing a typi-
cal QC-LDPC code. The parity-check matrix of the QC-
LDPC code is divided into a plurality of partial blocks, each
partial block being the sum of permutation matrices. The
parity-check matrix illustrated in FIG. 4 includes m block
rows and n block columns. An entry in an i block row and a
i# block column is the sum of permutation matrices. Notably,
b, is 0 or a larger integer. In FIG. 4, reference character P
denotes a permutation matrix having size N xNgas shown in
Equation (1). The superscript of P, a, J(Z) satisfies O=a, J(Z)SNS—
1.

Equation (1) is an example of the permutation matrix P
illustrated in FIG. 4.

10 0 (9]
00 0
p=|i i
000 1
00 ...0

The above permutation matrix P is a square matrix of size
N xNy in which each of the N rows has a weight 1 and each
of'the N columns has a weight 1. Hereinafter, the size of the
permutation matrix P, NgxNj is shortened as N for conve-
nience because the permutation matrix P is square.

If the superscript a, J(Z) of P is 0, the permutation matrix P°
is a pnit matrix I .. If b, is 0, the sum of permutation
matrices P,
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is a zero matrix 0.

For an irregular LDPC code, information about the posi-
tions of all weights of a parity-check matrix representing the
irregular LDPC code should be stored. Compared to an
irregular LDPC code, only information about the positions of
weights in the first column or row of each small block needs
to be stored for a QC-LDPC code because once the positions
of weights in the first column or row of each small block are
determined, the positions of weights in the other columns or
rows can be determined in the small block. As a consequence,
about 1/Ng of a memory capacity required for a general
irregular LDPC code is sufficient for the QC-LDPC code. In
other words, the QC-LDPC code outperforms the irregular
LDPC code in terms of memory efficiency.

Layered decoding is a decoding scheme in which the rows
of a parity-check matrix used for LDPC encoding and decod-
ing are divided into a plurality of layers and the layers are
iteratively decoded. A layer is defined as a group of rows
divided from the parity-check matrix. Specifically, when the
rows of the parity-check matrix are divided into a plurality of
groups, each group is referred to as a layer. The layer may be
one row. The layered decoding enables partial parallel decod-
ing.

If the same position is accessed for two or more computa-
tions during the layered decoding, a memory collision may
occur. To avert this problem, an additional memory or sched-
uling may be required.

SUMMARY OF THE INVENTION

The present invention has been made to address at least the
above problems and/or disadvantages and to provide at least
the advantages described below. Accordingly, an aspect of the
present invention provides a method and apparatus for effi-
ciently designing a decoder for performing layered decoding
onan LDPC code with at least one block being the sum of two
or more permutation matrices in a communication system
using LDPC codes.

Another aspect of the present invention provides a layered
decoding apparatus and method for reducing memory colli-
sions in a communication system using LDPC codes.

According to one aspect of the present invention, a channel
decoding method is provided in which an encoded signal is
received from a transmitter and decoded using a parity-check
matrix. At least one of input orders and output orders of the
parity-check matrix are determined so that same values are
not overlapped in a column direction between the at least one
of the input orders and the output orders.

According to another aspect of the present invention, a
channel decoding apparatus is provided in which a receiver
receives an encoded signal from a transmitter, and a decoder
decodes the received signal using a parity-check matrix. At
least one of input orders and output orders of the parity-check
matrix are determined so that same values are not overlapped
in a column direction between at least one of the input orders
and the output orders.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other aspects, features and advantages of the
present invention will be more apparent from the following
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detailed description when taken in conjunction with the
accompanying drawings, in which:

FIG. 1 illustrates a parity-check matrix representing a
LDPC code of length 8;

FIG. 2 is a diagram illustrating a Tanner graph correspond-
ing to the parity-check matrix representing the LDPC code of
length 8;

FIG. 3 is a diagram illustrating the structure of an LDPC
code;

FIG. 4 illustrates a parity-check matrix representing a QC-
LDPC code;

FIG. 5 is a diagram illustrating a flooding decoding algo-
rithm, according to an embodiment of the present invention;

FIGS. 6 to 9 are diagrams illustrating a layered decoding
algorithm, according to an embodiment of the present inven-
tion;

FIG. 10 is a block diagram of a receiver, according to an
embodiment of the present invention; and

FIG. 11 is a flowchart illustrating a reception operation in
the receiver, according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF EMBODIMENTS
OF THE PRESENT INVENTION

Embodiments of the present invention are described in
detail with reference to the accompanying drawings. The
same or similar components may be designated by the same
or similar reference numerals although they are illustrated in
different drawings. Detailed descriptions of constructions or
processes known in the art may be omitted to avoid obscuring
the subject matter of the present invention.

An embodiment of the present invention provides a method
for grouping a parity-check matrix and a message passing
method, for layered decoding of a LDPC code in order to
prevent memory collisions. Specifically, an embodiment of
the present invention provides a method for grouping a parity-
check matrix and a message passing method, for layered
decoding of a QC-LDPC code with at least one block being
the sum of a plurality of permutation matrices. In addition, an
embodiment of the present invention provides an apparatus
for supporting layered decoding and a method for controlling
the apparatus in a communication system using the
QC-LDPC code.

FIG. 5 is a diagram illustrating a flooding decoding algo-
rithm for the LDPC code represented by the Tanner graph of
FIG. 2, according to an embodiment of the present invention.

Flooding decoding is the most common message passing
scheme used for LDPC decoding. As illustrated in FIG. 5, all
messages are passed from variable nodes 502, 504, 506, 508,
510, 512, 514 and 516 to check nodes 518, 520, 522 and 524
in step 1, and from check nodes 518, 520, 522 and 524 back
to variable nodes 502, 504, 506,508, 510,512,514 and 516 in
step 2, at each iteration. Flooding decoding allows parallel
processing, thereby minimizing a decoding delay.

A set of check nodes connected to a variable node v are
denoted by M(v) and a set of variable nodes connected to a
check node ¢ are denoted by N(c). A flooding decoding algo-
rithm is implemented as follows.

Input: a maximum number of iterations 1,,,, and a channel input message m,,
Output: an estimated LDPC codeword vector ¢

Initialization: m_,‘? is 0 for every v and ¢

forl=1tol,,. do
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-continued

lec =m, + m(clfvl)for all v, c e M(v)

' eMWhe

o 9
tanh(mch] - [ ]_I tanh[mg < ]] for all ¢, v e N(c)

v eN(Ow
end for

In the flooding decoding algorithm, m,, is the Log-Likeli-
hood Ratio (LLR) message value obtained from a channel
corresponding to the variable node v, and m_ “ is a message
value passed from the check node ¢ to the variable node v
during an 1 iterative decoding. Therefore, if N variable nodes
and E weights are defined on a Tanner graph representing an
LDPC code, an LDPC decoder using the flooding decoding
algorithm needs (N+2E) memory areas.

In layered decoding, the rows of a parity-check matrix are
processed on a group basis or a layer basis. Compared to
flooding decoding, layered decoding has the benefit of fast
decoding convergence. Groups are processed sequentially in
a predetermined order and each group is processed using
updated information resulting from processing the previous
group.

FIGS. 6 to 9 are diagrams illustrating a layered decoding
method for decoding the LDPC code represented by the Tan-
ner graph of FIG. 2, according to an embodiment of the
present invention. FIG. 6 shows first variable nodes 602, 604,
606, 608, 610, 612, 614 and 616, and check nodes 618, 620,
622 and 624.

Referring to FIG. 6, during each iteration, the first variable
nodes 602, 604, 606, 608, 610 and 612 pass messages to the
check node 618 (step 1) and the check node 618 passes
messages back to the variable nodes 602, 604, 606, 608, 610
and 612 (step 2) in the layered decoding method.

For each of the other check nodes 620, 622 and 624, the
same operation is sequentially repeated, as shown in FIGS. 7,
8and 9.

FIG. 7 shows first variable nodes 702, 704, 706, 708, 710,
712, 714 and 716, and check nodes 718, 720, 722 and 724.
The first variable nodes 702, 704, 708, 712 and 714 pass
messages to the check node 720 (step 3) and the check node
720 passes messages back to the variable nodes 702,704, 708,
712 and 714 (step 4) in the layered decoding method.

FIG. 8 shows first variable nodes 802, 804, 806, 808; 810,
812, 814 and 816, and check nodes 818, 820, 822 and 824.
The first variable nodes 802, 804, 806, 814 and 816 pass
messages to the check node 822 (step 5) and the check node
822 passes messages back to the variable nodes 802, 804, 806,
814 and 816 (step 6) in the layered decoding method.

FIG. 9 shows first variable nodes 902, 904, 906, 908, 910,
912, 914 and 916, and check nodes 918, 920, 922 and 924.
The first variable nodes 902, 906, 908, 910 and 916 pass
messages to the check node 924 (step 7) and the check node
924 passes messages back to the variable nodes 902,906, 908,
910 and 916 (step 8) in the layered decoding method.

When messages are passed to all check nodes, one iterative
decoding is completed.

However, sequential decoding for every check node sig-
nificantly increases a decoding delay despite an increased
convergence speed. Thus, total check nodes are generally
divided into G sets, and flooding decoding is performed
within each set, while sequential decoding is performed
across the check node sets. The G check node sets are denoted
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by C,, C,, . . ., Cgs A layered decoding algorithm for an
LDPC code is provides below.

Input: a maximum number of iterations 1,,,, and a channel input message m,,
Output: an estimated LDPC codeword vector ¢

Initialization: m_,? is 0 for every v and ¢ and m ? = m,,

forl=1tol,,. do

fori=1to Gdo

) m-m{,"
1 - |= 1 3 for ¢ € C;, v € N(c),

v eN(@w

m®=m®-m_ &Y +m_®forc EC, vEN(),
end for
end for

In the layered decoding algorithm, m,, is the LLR message
value obtained from a channel corresponding to the variable
node v, and m_  is a message value passed from the check
node c to the variable node v during an 1? iterative decoding.
m, . is the a posterior probability of the variable node v
during the Ith iterative decoding. While m, is updated only
once at each iteration in the flooding decoding algorithm,
m, _” may be updated a plurality of times at each iteration in
the layered decoding algorithm. For the updating, the con-
straint is imposed that the weights of check nodes within the
same check node group should be positioned in different
columns. If the constraint is satisfied, the LDPC decoder
using the layered decoding algorithm needs (N+E) memory
areas, thereby enabling an efficient hardware configuration
relative to the flooding decoding algorithm.

An LDPC code with the same structure as illustrated in
FIG. 4 except for one bit, represented by a parity-check
matrix with O<b, <2 is applicable to a Digital Video Broad-
casting-Second Generation Terrestrial 2 (DVB-T2), DVB-
Satellite Second Generation (DVB-S2), DVB-Cable Second
Generation (DVB-C2), or Digital Video Broadcasting-Next
Generation Handheld (DVB-NGH) system which is under
standardization. For an efficient hardware configuration to
perform layered decoding, the constraint is imposed that the
weights of rows in each group should be positioned in differ-
ent columns in a parity-check matrix.

Ifthe number of check nodes in each check node group, N4
isadivisor of Nyand O<b, <1, the parity-check matrix of FIG.
4 satisfies the constraint for layered decoding. On the other
hand, if b, >1, the parity-check matrix does not satisfy the
constraint for layered decoding, thus significantly decreasing
the efficiency of the layered decoder.

An embodiment of the present invention provides a method
for grouping a parity-check matrix and a message passing
method, for layered LDPC decoding.

If there are N variable codes and M check nodes on a
Tanner graph representing an LDPC code, specifically, the
LDPC code is defined by a parity-check matrix with size
MxN, the check nodes are divided into G sets, C,, C,, ..., Cg.
For convenience, it is assumed that each of the G sets C,,
C,, . ..,Csincludes the same number of check nodes, N. In
general, an LDPC decoder uses a plurality of node processors
in parallel to increase throughput. Thus N, is the number of
node processors, which is determined according to hardware
configuration constraints.

For an efficient hardware configuration that performs lay-
ered decoding, the constraint is imposed that the weights of
rows in each group are positioned in different columns in a
parity-check matrix. Given N check nodes, there is no guar-
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antee that any parity-check matrix satisfies the constraint. To
solve this problem, an embodiment of the present invention
further divides each of the check node groups into sub-groups
and performs layered decoding on the sub-groups as set forth
below.

Input: a maximum number of iterations 1,,,, and a channel input message m,,
Output: an estimated LDPC codeword vector ¢
Initialization: m,,? is 0 for every v and ¢ and m,”” = m,,
forl=1tol,,, do
fori=1to Gdo
forj=1to G;do

) M D .
tann( ZV = t ch] for c € C, v & N(c),
v eN(Ow
mP=m®-m_ &Y +m_ @ forc €CP,vEN(),
end for
end for
end for

In the multi-layered decoding algorithm shown above,
each check node group C, (1=i=QG) is divided into G, sub-
groups C,% (1=j=G,). G, is an integer greater than or equal to
1 and may be different for different groups. For each check
node c, (1sisM), two sequences are defined as set forth in
Equation (2) below.

a~{a 2@, . 2@}

b~{b b, .. b} @

d, is the degree of a check node ¢, and a,%” and b," are the
indexes of variable nodes connected to the check node c,. In
the multi-layered decoding algorithm, when a check node
processor processes the check node c,, variable node mes-
sages are input in the order of the sequence a, and updated
messages are passed to variable nodes in the order of the
sequence b, as described in Equation (2). Herein, for all check
nodes within each sub-group C,”, the sequences a, and b,
should have different elements for each j in Equation (2). This
implies that none of the check nodes of the sub-group C,%
refer to a message of the same variable node, for input or
output.

The parity-check matrix illustrated in FIG. 1 is divided into
two groups. The groups are sequentially processed in a pre-
determined order and each group is processed using updated
information resulting from processing the previous group.

a, and a, specify input orders and b, and b, specify output
orders.

For example, the parity-check matrix is divided into two
groups, C,={c,,c,} and C,={c;,c,} to prevent memory col-
lisions. Within the same group, different input orders are used
such that inputs are not overlapped between the input orders,
such as a,={1,2,3,4,5,6} and a,={7,6,4,2,1}. Likewise,
within the same group, different output orders are used such
that outputs are not overlapped between the output orders,
such as b,={1,2,3,4,5,6} and b,={7,6,4,2,1}.

In accordance with a first embodiment of the present inven-
tion a method is provided for efficiently designing a layered
LDPC decoder.

A multi-layered decoding algorithm according to the first
embodiment of the present invention is provided below.

G=2

Clz{clacz}cl(l):{clacz}a
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2,={1,2,3,4,5,6}b,={1,2,3,4,5,6},
2,={7,6,4,2,1}b,={7,6,4,2,1},
Co={e3,ea} CV={Cae4},
2,={1,2,3,7,8}b;={1,2,3,7,8},

2,={8,5,4,3,1}b,={8,5,4,3,1}.

Another embodiment of the present invention provides a
method for efficiently designing a layered decoder for decod-
ing an LDPC code including a QC-LDPC code in which one
block is the sum of two or more permutation matrices (P°+
P?).

aj, a,, a; and a, specify input orders and b, b,, by and b,
specify output orders.

Referring to the following multi-layered decoding algo-
rithm, different input orders are used so that inputs are not
overlapped between the input orders, such as a,={1,4} and
a,={2,1}, and a;={3,2} and a,={4,3}.

The multi-layered decoding algorithm according to this
second embodiment of the present invention is provided
below.

P+pP=

DD =
[ =]
_ = O O
_ 0 O

C~{e1,62,¢3041,C1 P={e1,62,63,¢4}
a,={14}b,={14},
3,={2,1}b,={2,1},
a3={3,2}b5={3.2},

a,={4,3}b,={4,3}.

In the second embodiment of the present invention, the
same inputs are not overlapped in a column direction, such as
a,, a,, a5 and a,, and the same outputs are not overlapped ina
column direction such as b, b,, b; and b,,.

FIG. 10 is a block diagram of a receiver, according to an
embodiment of the present invention.

Referring to FIG. 10, the receiver includes a memory 1001,
a controller 1003, and a decoder 1005.

The memory 1001 stores a parity-check matrix represent-
ing an LDPC code. The parity-check matrix may be retrieved
from the memory 1001, received from a transmitter, or gen-
erated from the transmitter.

The controller 1003 divides the parity-check matrix into N
groups, divides the rows of each group into sub-groups, and
determines input and/or output orders for each group or sub-
group. The determination may be made on the input and/or
output orders, according to the first or second embodiment of
the present invention.

The decoder 1005 decodes the rows of each group or sub-
group according to the input and/or output orders.

FIG. 11 is a flowchart illustrating a reception operation in
the receiver, according to an embodiment of the present
invention.
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Referring to FIG. 11, the controller 1003 extracts a parity-
check matrix representing an LDPC code from the memory
1001, in step 1101. The parity-check matrix may be retrieved
from the memory 1001, received from a transmitter, or gen-
erated from the transmitter.

The controller 1003 divides the parity-check matrix into N
groups in step 1103, divides the rows of each group into
sub-groups in step 1105, and determines input and/or output
orders for each group or sub-group in step 1107. The deter-
mination may be made on the input and/or output orders,
according to the first or second embodiment of the present
invention.

In step 1109, the decoder 1005 decodes the rows of each
group or sub-group, according to the input and/or output
orders.

As is apparent from the above description of embodiments
of the present invention, a layered decoder for decoding
LDPC codes including a QC-LDPC code in which one block
is the sum of two or more permutation matrices can be effi-
ciently designed.

With a smaller number of decoding iterations, the layered
decoder outperforms a flooding decoder operating based on
the premise that all messages are simultaneously passed.

Further, memory collisions can be prevented.

While the present invention has been shown and described
with reference to embodiments thereof, it will be understood
by those of ordinary skill in the art that various changes in
form and detail may be made therein without departing from
the spirit and scope of the present invention as defined by the
following claims.

What is claimed is:

1. A channel decoding method comprising the steps of:

extracting a parity-check matrix;

grouping rows of the parity-check matrix into one or more
groups;

grouping rows of each group into one or more sub-groups,
if the each group has two or more non-zero elements in
a column direction; and

determining input and/or output orders for each row of the
one or more sub-groups,

wherein each row of the one or more sub-groups is pro-
cessed in parallel.
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2. The channel decoding method of claim 1, wherein
grouping rows comprises:

grouping rows of the parity-check matrix to avoid overlap-

ping input and/or output values in the column direction
between rows of each group.

3. The channel decoding method of claim 1, wherein deter-
mining comprises:

determining at least one of the input orders and the output

orders of the grouped rows to avoid overlapping input
and/or output values in the column direction between
layers of each group.

4. The channel decoding method of claim 1, wherein, when
aQuasi-Cyclic Low-Density Parity-Check (QC-LDDC) code
is layer-decoded, input and/or output values are not over-
lapped in the column direction between adjacent layers in the
parity check matrix, wherein the QC-LDPC has one block
being a sum of two or more permutation matrices.

5. A channel decoding apparatus comprising:

an extractor for extracting a parity-check matrix; and

a controller for grouping rows of the parity-check matrix

into one or more groups, grouping rows of each group
into one or more sub-groups, if the each group has two or
more non-zero elements in a column direction, and
determining input and/or output orders for each row of
the one or more sub-groups,

wherein each row of the one or more sub-groups is pro-

cessed in parallel.

6. The channel decoding apparatus of claim 5, wherein the
controller groups the rows of the parity-check matrix so that
input and/or output values are not overlapped in the column
direction between rows of each group.

7. The channel decoding apparatus of claim 5, wherein at
least one of the input orders and the output orders of the
grouped rows are determined so that input and/or output
values are not overlapped in the column direction between
layers of each group.

8. The channel decoding apparatus of claim 5, wherein
when a Quasi-Cyclic Low-Density Parity-Check (QC-
LDPC) code is layered-decoded, input and/or output values
are not overlapped in the column direction between adjacent
layers in the parity check matrix, wherein the QC-LDPC has
one block being a sum of two or more permutation matrices.

#* #* #* #* #*



